ABSTRACT With the increasing number of studies proposing new and optimal delivery strategies for the efficacious silencing of gene-related diseases by the local administration of siRNAs, the present review aims to provide a broad overview of the most important and latest developments of non-viral siRNA delivery systems for local administration. Moreover, the main disease targets for the local delivery of siRNA to specific tissues or organs, including the skin, the lung, the eye, the nervous system, the digestive system and the vagina, were explored.
INTRODUCTION
Since Fire et al. (1) discovered that RNA interference (RNAi) is mediated by long double-stranded RNA (dsRNA) in Caenorhabditis elegans and the subsequent demonstration that RNAi, mediated by small interfering RNA (siRNA), operates in mammalian cells (2) , RNAi has become a major subject of interest not only as a tool for biological research but also as an important therapeutic approach for generelated diseases (3) .
siRNA, a short double-stranded RNA that contains 21-23 nucleic acids with a 19-nucleotide duplex region, is able to inhibit the gene expression of specific proteins by a mechanism called RNA interference (4, 5) , which occurs in two different phases (6) , as explained in Fig. 1 .
Thus, the ability of siRNA to potently but reversibly silence genes in vivo has made siRNA particularly wellsuited to be a new class of drugs that interferes with disease-causing or disease-promoting genes (7) .
Specificity, potency and versatility are major advantages of RNAi therapeutics (8) . Compared with small molecule drugs, siRNA has the advantage of being sequenced for highly specific inhibition of the target of interest, and genes from any molecular class can be targets. Unlike therapeutic proteins, siRNA synthesis is straightforward and does not require a cellular expression system, complex protein purification or re-folding schemes (9) . Finally, compared with other gene/antisense therapies, the advantages of siRNA include its robustness, its potency (it is 10-100-fold more potent for gene silencing), its specificity of inhibition, its cytoplasmic site of action and its low risk of toxic effects (10, 11) .
However, despite the potential for the clinical use of siRNAs, their application to the treatment of chronic and severe diseases is limited by several factors, such as difficult cellular uptake, a low rate of cell transfection, rapid degradation by endogenous enzymes resulting in a short half-life, a negative charge that prevents the crossing of the cell membranes and insufficient bioavailability (12, 13) . Therefore, the in vivo effectiveness of siRNA depends on its delivery to the target tissue and the intracellular compartment of the cell type of interest within the target tissue. The first requirement is common to all classes of drugs, whereas the second one is common only for those drugs with an intracellular target (9) .
In this context, several synthetic non-viral carriers have been proposed in the last few years and are quickly gaining popularity as safe and efficient vectors for delivering siRNAs to target organs. Along with the development of many innovative technologies for effective drug delivery that address the issues with the injection of siRNAs, including the use of liposomes, polymers and nanoparticles, the development of alternative routes of administration have been investigated extensively (14, 15) and an increasing number of studies have proposed different approaches for the local delivery of therapeutic siRNA.
Considering that the systemic administration of siRNA faces important obstacles, including low bioavailability, systemic toxicity, rapid excretion and inefficient targeting to the affected organ or cell type (10) , local administration has become an attractive and effective route, allowing the use of lower doses and reducing the side effects. Fig. 1 Mechanisms of RNA interference. Initiation Phase: generation of effectors molecules. Nucleus: micro-RNA (miRNA) synthesis. miRNA gene is transcript by RNA Pol II/III forming miRNA primary (pri-miRNA), which is processed by Drosha and DGCR8 in miRNA precursor (pre-miRNA). premiRNA is exported by exportin-5 to cytoplasm. Cytoplasm: dsRNA and pre-miRNA are processed by Dicer in siRNA and miRNA, respectively. Execution Phase: incorporation of effectors molecules in protein complexes and promotion of gene silencing. siRNA or miRNA binds to RISC (RNA induced silencing complex-composed by Dicer, TRBP and Ago2). siRNA or miRNA strands are separated. Antisense strand remains bound to RISC complex, which is activated and guided to the target mRNA. The complex siRNA/RISC associates with the target mRNA promotes its degradation. The complex miRNA/RISC associates with the target mRNA promotes its degradation or translational repression, depending of the level of the complementarity.
Given the increasing number of studies proposing new and optimum siRNA delivery strategies for the efficacious silencing of disease genes, the present review provides an overview of the most important and recent developments in delivering siRNA via local administration routes and discusses the main disease targets for the local delivery of siRNA to specific tissues or organs, including the skin, the lung, the eye, the nervous system, the digestive system and the vagina.
DELIVERY SYSTEMS AND METHODS TO DELIVER siRNA TOPICALLY OR LOCALLY
The widespread use of RNAi as a therapeutic approach in gene therapy depends on the delivery of nucleic acid molecules into cells and thus requires the development of clinically suitable, safe and effective drug delivery systems (16, 17) . In general, the ideal carrier for the local delivery of siRNA should meet several criteria.
First, the siRNA carrier should overcome the inherent barriers imposed by each administration route. For example, for cutaneous siRNA delivery, the stratum corneum, which is the outermost layer of skin, represents the primary impediment to drug skin penetration, especially for drugs with a high molecular weight and complex structure, such as siRNA (18, 19) . The anatomy and morphology of the lung epithelium is the main limitation for efficient pulmonary siRNA delivery (20) . In addition to physical barriers in ocular siRNA therapy, such as the tear film that covers the ocular surface and the corneal and conjunctival epithelial cells, metabolic barriers may degrade and reduce the efficacy of drugs (21) . Finally, an effective formulation aimed at delivering genes into the central nervous system (CNS) must cross the blood-brain barrier by accessing the endogenous receptors expressed within the membrane system (22) .
The carrier should bind and condense the siRNA, providing protection against degradation, as naked siRNAs are susceptible to enzymatic degradation in the body (23) . Additionally, the carrier should deliver the siRNA specifically to the target cells (24) and when in contact with these cells, it should facilitate the cellular uptake of the siRNA. In this way, the carrier will circumvent the inability of naked siRNA to passively diffuse through cellular membranes due to its relatively large molecular weight and strong anionic charge (13) . Once inside the cell, the carrier should escape from endosomal trafficking to the lysosome and reach the cell cytoplasm without being metabolized (25) . Finally, the carrier should release the siRNA for proper function and efficiently silence the gene (26) . Viral vectors can be applied for siRNA delivery because throughout evolution they have developed strategies to allow the entry of their genomes into the host cell. Viral vectors, such as adenoviruses and retroviruses, have high transfection efficiency but also present cytotoxicity, oncogenicity and immunogenicity (13, 27, 28) . Alternately, non-viral vectors, such as polyplexes, lipoplexes and peptide-or protein-based systems with siRNA, have been shown to be promising tools for gene delivery mainly because they enable the incorporation of ligands for targeting specific cell types and because they are reasonably safe (13) (Fig. 2) .
Typically, cationic liposomes or cationic lipids, such as N-[1-(2,3-dioleoyloxy)]-N,N,N-trimethylammonium propane methylsulfate (DOTAP) and N-(1-(2,3-dimyristyloxypropyl)-N,N-dimethyl-(2-hydroxyethyl)ammonium bromide (DMRIE), are used to form complexes (lipoplexes) through the spontaneous electrostatic interactions between the positively charged amine head group of the cationic lipid and the phosphate group from the nucleic acid component, thereby delivering siRNA to different cell types (13, 29) . Most of the lipoplexes have great similarity to the cell membrane, which suggests that drug delivery occurs by membrane fusion. Although lipoplexes generally have good transfection efficiency and are easy to prepare, their poor stability and poor reproducibility should be considered (29) .
The siRNA delivery systems based on cationic polymers have received attention due to their biocompatibility, their ease of production and their versatility (many physicochemical modifications can be made to obtain the intended effect) (27, 29) . Special interest has been given to cationic polymers that able to form nanoscale complexes (polyplexes) with siRNA based on electrostatic interactions between their positive charge and the negative charge of siRNA, which condenses the large structure of genes, neutralizes the strongly negative charge and provides good transfection rates (13, (29) (30) (31) .
One of the major concerns about using cationic polymers as delivery system for siRNA is toxicity due to their cationic and non-degradable characteristics. The non-degradability can be considered the main reason for the toxicity of cationic polymers, even when similar silencing activity is achieved by biodegradable and non-biodegradable polymers (31) . These findings encourage the use of biodegradable and biocompatible polymer-based systems for siRNA delivery, such as the use of chitosan (CS)-based systems (32, 33) and poly(lactic-co-glycolic acid) (PLGA) nanoparticles (34) .
Peptide transduction domains (PTDs) or cell-penetrating peptides (CPPs) are attractive drug vectors due to their ability to translocate micro-and macromolecules across the cell membrane. These vectors can be defined as small positively charged peptides containing 10-30 amino acids that are able to interact with nucleic acids such as siRNAs by electrostatic interactions, inducing internalization through different endocytic mechanisms. Arginine and lysine residues are usually present in the structure and provide cationic charges and membrane permeability (35, 36) . They have also been added to previously developed siRNA vectors to optimize their effectiveness. Table I describes different polymer-, lipid, peptide-or protein-based systems developed to deliver siRNA by local administration routes.
As shown in Table I to achieve the desired gene silencing, innovative techniques for the siRNA delivery by local administration have been proposed. The progress in pharmaceutical formulation has provided promising strategies to overcome the barriers that exist at the tissue, extracellular and cellular levels. Additionally, the elucidation of the main factors that contribute to overcome both the common and specific obstacles to the local administration of siRNA, has allowed the rational modeling of the existing delivery systems in order to optimize their effectiveness.
However, a number of challenges still confront the translation of siRNA therapy from the laboratories into the clinics, once this will depend upon the development of a system capable of providing bioactive siRNA to a specific site in a convenient dosing scheme and with a favorable toxicity profile.
In addition to the non-viral vectors described previously, physical delivery methods merit mention (Fig. 3) . These may include hydrodynamic methods, gene gun, ultrasound, electroporation and iontophoresis; because the last two are the most commonly used, this review will discuss local siRNA delivery via these physical methods. Electroporation, which is by far the most commonly used methodology, is a technique that consists of improving cell membrane permeability by applying an external electric field (44) . This method acts by reversibly destabilizing the plasma membrane, enabling easier permeation of drugs and genetic materials (45, 46) . For an effective result, the obtained pores should be adequately sized; they should remain open for a sufficient amount of time, and they should not destroy membrane integrity (47) . There are many advantages to the use of such technique when compared with other delivery vectors for gene therapy: (i) the transfection efficacy for primary cells is high, (ii) there are reduced safety concerns, (iii) the method is easy to apply, and (iv) there is little influence of the cell line on the efficiency (44) .
Iontophoresis is another non-invasive method by which a small electric current is used to enhance the penetration of ionized drugs. In this method, the drug is applied to the surface of the electrode with the same charge, and the oppositely charged electrode is placed in another part of the body, establishing current flow. Among the notable advantages of this approach are its ease of application, its minimized systemic side effects and its increased local permeability, making iontophoresis a common technique employed for skin and ocular drug delivery (48, 49) . Table II describes representative studies that propose the use of different physical methods as a strategy to improve Fig. 2 Schematic representation of different non-viral vectors used for siRNA delivery. Polymer-, lipid-, peptide-or protein-based systems form complexes, usually through the spontaneous electrostatic interactions, with siRNA which can be both entrapped within the core or adsorbed onto the surface of the carrier. Multifunctional nanocarriers combining several useful properties in one particle that have been developed to enhance the siRNA delivery. Delivery Systems for Local Administration of siRNAlocal siRNA delivery to specific tissues or organs, such as the skin, the eye, and the nervous and digestive systems.
LOCAL DELIVERY OF siRNA: ADMINISTRATION ROUTES AND TREATMENT OF DISEASE
In addition to addressing the use of non-viral vectors in siRNA gene therapy, it is important to present the main topical administration routes and diseases that can be involved in this therapy. Skin, lung, eyes and other organs will be presented, and a link with diseases and disorders will be considered. For better understanding, the followed discussion will present the pathological aspect of the diseases, the molecular target for the siRNA approach and the highlighted studies that support the use of gene therapy with siRNA.
Skin
The skin is the largest organ of the human body and can be affected by a wide variety of diseases. For the treatment of these diseases, topical administration is advantageous because of easy accessibility to the affected regions, reduced systemic effects, the avoidance of a possible loss of therapeutic efficacy caused by first-pass metabolism, and as a noninvasive and easy-to-administer medication, topical administration improves patients' adherence to treatment (60) . However, there remain obstacles to overcome, such as the barrier presented by the stratum corneum, the outermost layer of skin that represents the main impediment to drug penetration due to its composition and cellular distribution (18, 19) . As presented in the Delivery System section of the review, a strategy to resolve this issue is the development of effective, safe and clinically acceptable delivery systems and/ or physical methods, allowing the penetration of drugs into the stratum corneum and thus making this attractive route of administration feasible.
The topical delivery of siRNA can strategically modulate the local expression of the genes responsible for a variety of cutaneous disorders; consequently, there is a range of potential applications for RNAi therapy for the skin. The use of siRNAs for the treatment of different skin diseases has been reported, and the results have been quite promising, as discussed below.
Allergic Skin Disease
The increased expression of CD86 in inflammatory skin diseases has been reported in humans and animals, and the blocking of its expression by siRNA influences the T cell response-specific antigen in animal models of allergic diseases. Therapy with CD86 siRNA against dendritic cells for the treatment of contact hypersensitivity and atopic dermatitis successfully reduced the innate and adaptive immune responses of the body both locally and in the regional lymph nodes. In addition, the cream-emulsion formulation used was a convenient and economical method of drug delivery (61) . 
Psoriasis
In contrast to allergic skin episodes, psoriasis is a chronic inflammatory disease characterized by demarcated erythematous scaly plaques. The abnormal and accelerated proliferation of keratinocytes leads to epidermal hyperplasia. Tumor necrosis factor alpha (TNF-α), a pro-inflammatory cytokine that is upregulated in psoriatic lesions, is an important molecular target for the treatment of this skin disorder. Reduction in the levels of expression of this pro-inflammatory cytokine lead to phenotypic improvements, such as reduced epidermal thickness and normalization of the skin morphology in a psoriasis animal model (62) .
Given that TNF-α is known to play a pivotal role in psoriasis, Johansen et al. (63) identified other potential targets in the treatment of psoriasis, such as p38 MAPK and MAPKactivated protein kinase 2 (MK2), which posttranscriptionally regulate the expression of this and other proinflammatory cytokines. The same research group published two other reports in which they demonstrated the role of mitogen-and stress-activated protein kinase 1 (MSK1) (64) and MSK2 (65) in the pathogenesis of psoriasis, suggesting that the p38-MAPK/MSK1/MSK2 signaling pathway might constitute a potential therapeutic target for this disease.
Pachyonychia Congenita
Pachyonychia congenita is a dominant negative genetic disease of the skin caused by mutations in the genes encoding keratin. The disease is characterized by thickened nails, palmoplantar hyperkeratosis, leukokeratosis and painful keratoderma with blistering on the soles of the feet. The most frequently mutated gene is KRT6A (66) (67) (68) .
Due to the locations of the lesions, non-invasive topical treatment is a great advantage of RNAi-based therapeutic technology, which selectively eliminates the functionality of Electroporation reduced by up to 90% the production of the targeted protein (the nuclear envelope protein lamin A/C), suggesting that this physical method is an important technique and a simple way to transfect siRNA into intestinal epithelial monolayers (59) the mutant allele, providing an effective treatment for this pathology. Notably, among the 24 ongoing clinical trials using siRNA, two involve the treatment of pachyonychia congenita. One of these treatments uses a specific siRNA against the KRT6A gene. This study is the first to evaluate the use of siRNA in human skin and aims to assess the safety and tolerability of intra-lesion injections in the calluses of patients with pachyonychia congenita by varying the volume and concentration of siRNA (K6a_513a.12 siRNA, known as TD101).
The efficacy of the siRNA treatment was assessed through clinical examination, patient reports and experiments to quantify and distinguish the mutant keratin mRNAs (66) (67) (68) .
Alopecia Areata
Alopecia areata is an autoimmune disease that affects the hair follicles, resulting in hair loss. Examination around the hair follicles revealed the infiltration of CD4+ T lymphocytes, along with a CD8+ intrafollicular infiltrate, suggesting an important role of Th1 cells in the occurrence of alopecic lesions (69) . The subcutaneous injections of cationized gelatin conjugated with T-box 21 siRNA (a gene that plays an important role in Th1 cell differentiation and function) promoted the reestablishment of hair shaft elongation, confirming the importance of this mediator (37) .
Wound
Wounds represent a substantial biomedical burden and are among a variety of diseases that are susceptible to the local expression of genes modulated strategically by RNAi. The mitogen activated protein kinase-1 (MAPK-1) and lamin A/ C were selected as potential molecular targets because of their ubiquitous nature and their high levels of expression in cutaneous wounds. The topical application of an agarosematrix-based system to deliver a siRNA-liposomal transfection complex was effective in silencing local gene expression in non-delimited wounds (70) .
Melanoma
Melanoma is a cancer of the pigmented skin cells called melanocytes, which are localized at the epidermal-dermal junction (71) . The genetic mechanisms involved in this type of cancer are not well understood; however, mutation of the protein V600E B-Raf (rapidly growing fibrosarcoma, protein member of family of serine/threonine kinases with substitution of valine to glutamic acid at the 600 position of the amino acid sequence) and the increased activity of Akt3, also known as protein kinase B, are frequent changes found in this disease (72) . The employment of siRNAs specifically targeting those genes inhibited the development or growth of melanoma (50) .
Rheumatoid Arthritis
Although rheumatoid arthritis is not a cutaneous disease, the skin has been extensively used as an administration route of drugs for the treatment of this disease. Osteopontin, the extracellular matrix cytokine transcribed by activated T lymphocytes, is an important therapeutic target for many inflammatory diseases, including the autoimmune disease rheumatoid arthritis, which is characterized by chronic inflammation and joint destruction. The therapeutic application of siRNA against this target was confirmed by the observed suppression of the antibody-induced development of rheumatoid arthritis symptoms by topical application of a cream formulation (GeneCream; patent pending) loaded with this silencer (73) .
Lung
Due to their location and physiological function, the lungs are in contact with many pollutants and viruses, making them susceptible to many diseases, such as asthma, cancer, influenza, severe acute respiratory syndrome and tuberculosis (74, 75) . Lung diseases have high lethality and prevalence; thus, many studies are being conducted to find effective treatments or vaccines (76) .
siRNA is a possible powerful new class of therapeutics that offers new strategies for the treatment of respiratory diseases. Moreover, because of the lung's characteristics, such as a large and vascularized surface, local delivery to the lung through intranasal instillation or aerosol is an interesting and practical approach to the delivery of siRNA specific to that organ (75, 77) .
While pulmonary administration of siRNA is facilitated by negligible degradation by nucleases in the airway, siRNA delivery through the airway is not easy due to physical barriers, such as the beating of the cilia and mucociliary clearance, surface liquid that covers the airway epithelial cells and the negatively charged cell membrane surface (20, 75, 78) . These barriers affect the efficiency of in vivo uptake of siRNA, as observed in a study conducted by Griensenbach et al. (79) .
Despite these difficulties, many studies have discussed the potential targets for local delivery of siRNA to the lung, encouraging additional studies to find treatments for major lung diseases, such as cancer, influenza, severe acute respiratory syndrome and respiratory syncytial virus, as described subsequently.
Lung Cancer
Considering the incidence rates and mortality, lung cancer is one of the most common tumors worldwide. Even with increased knowledge of the genetic and molecular basis of lung cancer, most patients with non-curable tumors die in less than 12 months. Gene therapy is a well-tolerated strategy for the development of novel treatment concepts based on the inhibition of proteins that are overexpressed in tumors and may be important for invasion, growth and cell motility (77) . A promising target for the treatment of cancer is the Wilms' tumor gene 1 (WT1), whose overexpression is related to the development and progression of diverse cancers. Thus, the in vivo silencing of the WT1 gene by siRNA seems to be an effective strategy for the treatment of lung metastases (80) .
Pulmonary Fibrosis
Fibrin accumulation is common in many acute and chronic pulmonary diseases, and the expression level of plasminogen activator inhibitor-1 (PAI-1) is directly correlated with the extent of lung injury-induced accumulation of collagen, a major molecule related to the development of pulmonary fibrosis. A recent study showed that intranasal administration of PAI-1-siRNA is a potential strategy to prevent the development of pulmonary fibrosis and enhance the survival rate in mice with bleomycin-induced lung injury. In addition, this is an interesting therapeutic approach that may avoid the systemic side effects associated with oral administration of a PAI-1 inhibitor (81).
Tuberculosis
Tuberculosis is a universal disease caused by infection with Mycobacterium tuberculosis that is responsible for two million deaths every year (82) . The most recent candidate among the inhaled tuberculosis therapies is siRNA targeting the host chemokine XCL-1 or lymphotactin, which is known to participate in the formation of the tuberculoid granuloma (74) . The treatment of mice, previously infected for 60 days with Mycobacterium tuberculosis, with aerosolized XCL1-targeting siRNA modulated this lung immunopathology (82) .
Influenza
One of the most prevalent infections in humans is that of the influenza virus, which is an enveloped virus of the Orthomyxovirus family (75) . Influenza infection causes up to 40,000 deaths per year in the United States. The existing vaccines are not very effective, and the use of the four drugs approved for the treatment of influenza infection is limited by side effects and the possible emergence of resistant viruses. Thus, the development of an efficient influenza therapy or vaccine is necessary. A study tested 20 siRNAs against the influenza A virus and found that specific siRNA can inhibit influenza virus production in both cell lines and embryonated chicken eggs (83) .
Severe Acute Respiratory Syndrome (SARS)

SARS is a disease caused by the SARS coronavirus (SCV).
Because it is a new disease, no safe and effective vaccine exists yet, though efforts toward its development have been intensified (75, 84) .
Using a Rhesus macaque SARS model, Li et al. (84) intranasally administered siSC2-5, a mixture of two SCVspecific siRNA duplexes, siSC2 and siSC5, that showed outstanding prophylactic and therapeutic activity in cell culture. siSC2-5 was administered prophylactically, concomitantly or post-exposure within a period of 5 days after infection, and all of the treatment regimens showed potent suppression of SCV with no toxicity in this nonhuman primate model.
Respiratory Syncytial Virus (RSV)
RSV, a member of the Pneumovirinae subfamily in the Pneumovirus genus, is an enveloped, non-segmented, negative-stranded RNA virus responsible for the most serious respiratory infections, such as bronchiolitis and pneumonia, in infants and young children (41, 75) . Currently, there is no vaccine to prevent RSV, and the only accepted therapy (ribavirin) is seldom used due to its teratogenicity, its limited antiviral effect, and its controversial clinical effectiveness (41, 76, 85) .
A very interesting approach for the prevention and treatment of diseases caused by RSV is the use of siRNA therapy administered intranasally. Different studies have been conducted to validate disease targets in vivo, such as the use of siRNA against phosphoprotein (P) protein, an essential subunit of the viral RNA-dependent RNA polymerase, which reduced the pulmonary RSV titers by approximately 99.98% (76) . Moreover, the application of siRNA targeting the NS1 gene in BALB/c mice before or after RSV infection significantly attenuated the disease and diminished lung inflammation, goblet cell hyperplasia and infiltration of inflammatory cells compared with control mice (41) .
Another promising siRNA against RSV is ALN-RSV01, an siRNA directed against the mRNA encoding the nucleocapsid (N) protein of RSV. This protein has an important role at many critical steps in the viral replication cycle, including those involving RNA polymerase function (85) . The N protein gene is among the most conserved across the various circulating RSV isolates, a characteristic that allows for a broad-spectrum activity of N-protein-targeting siRNA (86) .
The in vivo studies using the siRNA against this molecular target as a therapeutic agent began with tests on animals and showed its potent antiviral effect when administered intranasally (86) . In humans, De Vincenzo et al. (87) conducted safety studies with healthy volunteers and demonstrated that intranasal ALN-RSV01 administration at doses up to 150 mg daily for 5 days was well-tolerated. Later, the antiviral activity of ALN-RSV01 was tested in a randomized, double-blind, placebo-controlled trial in adults (88 subjects) experimentally infected with wild-type RSV. The study demonstrated the effectiveness of intranasal ALN-RSV01 against the inoculated virus. However, the authors suggested that further studies must be conducted to evaluate the efficiency of ALN-RSV01 in naturally infected patients with established lower respiratory tract disease (85) .
Therefore, a randomized trial with 24 lung transplant patients naturally infected with RSV who received aerosolized ALN-RSV01 or placebo daily for 3 days concluded that the aerosolized ALN-RSV01 was safe and welltolerated and that it was associated with a reduced rate of new or progressive bronchiolitis obliterans syndrome cases compared with the placebo group (88).
Eye
Ocular gene therapy has become a well-established field, given the wide variety of ocular diseases, including many that can lead to irreversible blindness and require more efficient treatments (46, 89) . The eye has unique features for the development of successful gene therapy. It is a relatively isolated compartment, thereby permitting local delivery, which reduces the amount of drug needed and limits the exposure to the rest of the body, thus avoiding systemic toxicity. Additionally, it is an easily accessible and immune-privileged site. Finally, the ocular diseases involving known genes enable the use of target-specific therapies, thus improving the effectiveness (46, 90, 91) . However, an effective treatment for ocular tissues will require low drug concentrations and limited drug diffusion from the eye into the circulation (92) .
There are many physical barriers that influence the release of therapeutic agents in the eye. The tear film that covers the ocular surface is a biomechanical barrier that prevents the absorption of foreign elements and permits the drainage of compounds present in the eye. The corneal and conjunctival epithelial cells are also critical barriers to overcome; the cornea has relatively poor permeability to both water-soluble and less soluble molecules, and traditionally, the role of the conjunctiva has been considered to be mainly protective, functioning as a passive physical barrier (21, 93) . Likewise, there is still the blood-retinal barrier to overcome (94) . In addition to these physical barriers, metabolic enzymes, such as esterases, aldehyde and ketone reductases, may degrade drugs and reduce their efficacy. As a result of these anatomical and physiological constraints, topical application of a drug results in very low ocular bioavailability (21) .
RNAi has been used to identify genes that promote damage in the eye and could be the basis of new treatments for many diseases, including glaucoma, age-related macular degeneration and photoreceptor degeneration (91) . Historically, ophthalmology was the first area in which RNAibased therapeutics was introduced into clinical trials (95) . Given that the treatment of eye diseases is not straightforward, the use of siRNA has been constantly studied. Out of 24 clinical studies investigating siRNA, 8 are related to eye diseases (see Table III ).
As showed in Table III , although there are interesting examples of clinical trials being performed with siRNA designed against molecular targets of ocular disease, which demonstrated the applicability of this therapy for different eye disorders, all of them were developed employing the naked siRNA by intravitreal injection or topical application. These may explain some clinical trials ended. Therefore, the rational design of delivery systems capable to provide these siRNA products in their active form to the eye is decisive to improve their activity, transforming them in commercial products.
Age-Related Macular Degeneration
The most common problem affecting the central regions of the choroid and retina is age-related macular degeneration, with progressive degeneration of the retinal epithelium affecting the photoreceptors and, in severe conditions, progressing to irreversible blindness (96) . Macular degeneration is triggered by the protein vascular endothelial growth factor (VEGF), which promotes blood vessel growth; the leakage of these blood vessels induces the disease. In 2004, Acuity Pharmaceuticals started the first human clinical trial with siRNAs in patients suffering from age-related macular degeneration. The VEGF-targeting siRNA (Cand5 -bevasiranib) was administered to the eye by local intravitreal injection to prevent the overgrowth of the new blood vessels. The preliminary results showed doserelated benefits. In 2006, Cand5 began clinical trials for diabetic macular edema. Shortly thereafter, Sirna Therapeutics produced their first siRNA (Sirna-027) targeting the VEGF receptor for the treatment of the same disease. A single intravitreal administration of Sirna-027 was well tolerated by patients, with improvements in visual acuity occurring in a sub-set of subjects (97, 98) .
However, Berkhout (99) showed evidence that the preclinical efficacy of siRNA therapeutics observed in macular degeneration-induced mouse models was most likely due to nonspecific side effects rather than sequence-specific gene knockdown. This report indicates that the development of safe siRNA-based therapies may be more challenging than anticipated and reemphasizes the importance of including appropriate controls in RNAi experiments.
Diabetic Retinopathy
Diabetic retinopathy is a leading cause of blindness for which there is currently no cure. This disease results from vascular abnormalities, including increased vascular permeability, and retinal neurodegeneration caused by irreversible changes that occur early in the course of diabetic retinopathy. Therefore, preventing the increased vascular permeability and neuronal cell death appears to be a reasonable strategy to mitigate the complications associated with this disease (100).
Oshitari et al. (101) demonstrated that abnormal expression of vascular basement membrane components may play a role in the development of the increased vascular permeability associated with diabetic retinopathy. Moreover, by screening different siRNAs (against fibronectin, laminin, or collagen IV), the authors demonstrated that the siRNA strategy may be useful in delaying or preventing excess vascular permeability.
Ocular Neovascularization
Angiogenesis from neovascularization causes several ocular diseases, including age-related macular degeneration, herpetic stromal keratitis, central and branch retina vein occlusion, trauma, various inflammatory ocular diseases and diabetic retinopathy. The exact mechanism underlying the pathogenesis of ocular neovascularization is not well understood, but it has been shown that VEGF is directly involved in new vascularization (8, 102) .
The possibility of using siRNA to treat neovascularization has been demonstrated by employing siRNA against VEGF or VEGF receptor 1 (VEGFR1) (103, 104) . Both of these therapies have been tested in clinical trials, and the studies demonstrated that topical delivery of siRNA directed against VEGF functions is efficient in suppressing corneal neovascularization (91, 102) .
Glaucoma
Glaucoma is a progressive optic neuropathy characterized by functional and structural impairment of the ocular tissues, including the trabecular meshwork, the optic nerve head and the retinal ganglion cells. As the disease progresses, it can cause retinal ganglion cell death, leading to irreversible blindness. The structural changes in the eye tissues lead to elevated intraocular pressure and progressive apoptotic cell death (89, 96) .
Glaucoma is not a single condition but a heterogeneous group of diseases that are classified according to the age of onset and the degree of ocular hypertension. The most common treatment strategy is the reduction of intraocular pressure by topical anti-glaucoma medications; however, this approach can cause serious side effects and may fail to maintain lower intraocular pressure over a period of time for a large number of patients (89, 96) . Inhibition of aqueous humor secretion with RNAi-based gene therapeutic strategies has been developed. Specific siRNAs silencing gene expression in the trabecular meshwork/retina caused suppression of target gene (e.g., myocilin) expression, which might increase the conventional outflow, decrease the aqueous humor flow and promote neuroprotection. Previous studies have demonstrated that topical administration of specific siRNAs targeting carbonic anhydrase genes and alpha and beta adrenoceptors lowered intraocular pressure in rabbits at a rate comparable to that obtained using commercial products. Moreover, siRNA strategies have the advantage of producing a longer-lasting effect compared with commercial pharmaceutical products (105) .
Keratitis
There are many types of keratitis, and they are classified according to the causative agent. The most frequent form of this disease is the one related to the use of contact lens and caused by Pseudomonas aeruginosa. The symptoms range from inflammatory epithelial edema to stroma infiltration, leading to corneal ulceration, stroma tissue destruction and vision loss (106) .
siRNA was employed to investigate the role of two important defensins in the ocular immune defense system, murine β-defensin-1 (mBD1) and mBD2. To that end, two different mouse models (susceptible (B6) or resistant (BALB/ c) to P. aeruginosa) were investigated. Knockdown experiments revealed that for host resistance against bacterial infection, the only required defensin was mBD2, which modulated the production of proinflammatory cytokines, inducible NO synthase (iNOS), TLR signaling molecules, and nuclear factor kappa B (NF-κB), that were activated in the infected cornea. Thus, this study demonstrated that the aforementioned defensin may provide a promising target for the treatment of P. aeruginosa keratitis (106) .
Nervous System
The brain presents a significant challenge to biomedical science, with a notable lack of effective therapies against disorders that affect this organ. Due to its complexity, with a great diversity of cell types and variety of functions, there is a need to further understand the pathological mechanisms of brain disorders (107) . In this context, therapeutics based on RNAi could help to understand pathological processes, to validate disease targets in vivo or to investigate the therapeutic potential of target genes involved in neurological disorders.
The effort required to understand the mechanisms involved in abnormal brain function and to improve delivery methods for interference technology to the CNS is justified by the vast number of diseases that affect the CNS (107) (108) (109) (110) . Neurological disorders consist of more than 600 different diseases that affect a significant portion of the population. Given that life expectancy is increasing, the occurrence of these diseases is likely to increase in the future. CNS diseases are often related to mutations, which may result in abnormal functioning resulting in a pathological state (109, 110) .
Some of the possible candidates for RNAi and their respective molecular targets are the following: intracranial tumors-EGFR (111); Huntington's disease-huntingtin gene (112-115); Parkinson's disease-PINK1 (116); neurophatic pain-P2X 3 (117) ; neurodegenerative diseases, including amyotrophic lateral sclerosis-SOD1 (118, 119) and Alzheimer's disease-BACE1 (120); and other illnesses affected by hypoxic/ischemic events or brain inflammation-MMP9 (121, 122) and c-Jun (123) .
Although the RNAi technique is promising, the CNS is still a challenging region in which to deliver RNAi-based formulations because the blood-brain barrier limits the entrance of molecules and restricts the passive entrance of materials from the peripheral circulation into the brain (109) .
Digestive System
The local (mucosal) administration of siRNA via endoscopic injection for the treatment of diseases affecting the gastrointestinal tract is advantageous due to the accessibility of the gastrointestinal mucosa, which allows the release of the drug directly to its site of action, thus reducing side effects and the possibility of affecting nearby tissues and organs (124) .
Beyond the therapeutic use of siRNA, this technology has been employed as an important tool for elucidating the molecular mechanisms responsible for various gastrointestinal diseases and the discovery of new potential therapeutic targets, such as TNF-α for the inflammatory bowel diseases ulcerative colitis and Crohn's disease (125) .
Vagina
The female reproductive mucosa is the main site of entry for many pathogens that cause infections (mainly sexually transmitted ones), inflammation and neoplastic diseases (34) . The best way to prevent sexually transmitted infections is the topical application of therapeutic agents, which have the advantages of using low doses and overlapping among the primary sites of infection. Thus, the use of topically applied microbicides is very attractive as a preventive or treatment method (126) .
Nevertheless, one of the main disadvantages of the topical use of such therapeutic agents is compliance because most of them should be applied immediately before sexual intercourse (43) . Thus, it is important to develop therapeutic agents that are effective for a long duration after one application and can neutralize a diversity of viral strains (127) .
Agents that can activate the RNAi pathway by delivering siRNA targeting specific viral and bacterial pathogens have been studied as promising microbicides, and intravaginal siRNAs could provide sustained protection against viral transmission (43, 128) . Overall, the studies of Palliser et al. (128) and Wu et al. (43) present interesting approaches to the delivery of siRNA into the vaginal mucosa, providing an exciting opportunity to explore the use of topically applied siRNAs for the treatment of sexually transmitted infections.
Additionally, the recent identification of siRNA targets for cervical cancer (E6, E7 and Grb10), human immunodeficiency virus (HIV) infections (CCR5) or HSV-2 infections (UL-29 AND UL-27) have increased the interest in the development of vaginal delivery systems siRNA (129) .
FUTURE DIRECTIVES FOR TOPICAL siRNA DELIVERY
The consensus in the scientific community is that siRNA has emerged as one of the most promising therapeutic strategies for several diseases, especially for those with genetic causes. As described in this review, the development and use of different nanocarriers and methods have been studied for the delivery of siRNA by local administration, and important findings have been discovered. However, to maximize the potential of siRNA as therapeutic agents, strategies that allow the preferential delivery of siRNA to particular tissues and cell types and promote its action in the targeted cells have been recently developed.
The strategy of using receptor-mediated internalization seems an effective means to achieve the functional delivery of siRNA because the main pathway to internalize macromolecules, such as oligonucleotides and siRNA, is the endocytic pathway, which is subdivided into five major classes (four of which involve a cell surface receptor) (130, 131) .
As an example of studies conducted with this goal in mind, the use of hyaluronic acid, a natural linear polysaccharide present in the skin, lung, intestine, and extracellular matrix (132) , is noteworthy. Hyaluronic acid induces receptor-mediated intracellular signaling and has been employed in different target-specific siRNA delivery systems to increase their effectiveness. Promising results have been demonstrated by combining this polysaccharide with different carriers, as the intracellular delivery of different siRNAs can be facilitated by hyaluronic acid receptor-mediated endocytosis (133, 134) . In the same way, a dramatic improvement in siRNA delivery to the brain was obtained by combining α-tocopherol-conjugated siRNA with highdensity lipoprotein (HDL), which allows for lipoprotein receptor-mediated endocytosis (135) .
Similarly, because siRNAs can be delivered into immune cells by receptor-mediated endocytosis either by encapsulating siRNAs into nanocarriers bearing targeting antibodies or ligands to cell surface receptors or by complexing siRNAs to antibody fusion proteins, a recently published study proposed an alternate approach -chimeric RNAs composed of an aptamer fused to an siRNA for targeted gene knockdown in cells bearing an aptamer-binding receptor. The CD4 aptamer-siRNA chimera was proposed to prevent HIV sexual transmission by two mechanisms of action: blocking viral entry via binding to CD4 and RNAi knockdown of viral genes, host receptors, or other host genes required for viral replication (136) .
In addition to strategies for overcoming the biological barriers to the administration routes for topical siRNA delivery, the understanding of the specific mechanisms of internalization and trafficking within cells by which the nanocarriers can mediate siRNA delivery to target tissue and cells will guide the rational development of efficient nanocarriers to deliver siRNA, allowing for the topical treatment of many diseases.
CONCLUSION
Overall, the studies discussed present interesting approaches to the delivery of siRNA, providing exciting opportunities for the use of topically applied siRNAs in the treatment of a wide variety of disorders. Local delivery of siRNA avoids systemic exposure and reduces the likelihood of unexpected harmful effects elsewhere in the body as a result of the drug. The successful delivery systems examples, either in vivo or clinical studies, presented in this review, show the complexity of the formulation design, which depends on several factors, including chemical interactions between siRNA and formulation components, technological process for obtainment of delivery systems and specific siRNAs, strategies to overcome different physiological barriers of topical/local administration route. The peculiarities of the different local administration route do not allow stating an ideal delivery system for siRNA; however, this review brings information that can conduce further studies in a rational way. The widespread use of RNAi therapeutics for disease prevention and treatment will depend on the multidisciplinary application of the pharmaceutical technology, that allow the construction of "smart and multifunctional" delivery systems along with the elucidation of new molecular targets and sequence-specific siRNA that block such targets. Therefore, despite the remarkable developments made in this area during the last decade, improving local siRNA application remains a significant research area and clearly warrants further studies.
